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Abstract 
The purpose of this research is to analyse the complex phase change and the heat transfer behavior of the Ti-6Al-4V powder 
particle during the Selective Laser Melting (SLM) process. In this study, the rapid melting and solidification process is presented 
by Computational Fluid Dynamics (CFD) approach under the framework of the volume-of-fluid (VOF) method. The interaction 
between the laser velocity and power to the solidification shape and defects of the metal components will be studied numerically 
as a guideline to improve quality and reduce costs. 
Copyright line will appear here. 
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH. 
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1. Introduction 
Selective laser melting (SLM) is a stacked technique in the manufacturing industry. The three-dimensional 
computer-aided design (CAD) model is processed into several layers of two-dimensional graphics, and the laser 
beam is controlled to irradiate the pretreatment graphics to obtain a desirable height from the stacking metal. This 
method can effectively avoid the restrictions by the traditional cutting techniques. However, many operational 
parameters are sensitive to the product, such as the laser power, laser velocity, powder particle thickness, powder 
particle morphology and material (Choi et al, 2005; Bugeda Miguel Cervera et al, 1999; Attar, 2011; Zeng et al, 
2012). The off-design parameters could lead to the porosity, balling effect, and the residual stress, which affects the 
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strength and performance of the product, and even causes cracks (Tolochko et al, 2003, 2004; Simchi, 2006; Read et 
al, 2015; Qiu et al, 2013; Carter et al, 2014; Roberts, 2012). 
In comparisons with the experimental approach, the parametric optimal design by the Computational Fluid 
Dynamics (CFD) technique is more flexible and relatively cheaper. The phase change process involves metal 
solidification and melting, and hence it essentially lies in the category of the multiphase flow modeling. With 
suitable delta function, the laser heating can be added to the energy equation and applied only onto the interface 
between the metal powder particle and surrounding air (Attar, 2011). The interface can be traced by the level set 
method or volume of fluid method (Courtois et al, 2014; Kong et al, 2008). The metal can be modeled as the 
Newtonian fluid, and the viscosity could experience a sudden drop when melting occurs. An additional source term 
approximating from the porous media model can be included into the momentum equation. The purpose is to further 
suppress the fluidity of the solid metal (Courtois et al, 2012). 
Since the Webber number for the SLM process is typically very low, the surface tension effect becomes 
dominative. Besides, the Marangoni effect becomes significant when the surface tension displays highly temperature 
dependency (Aziz et al, 2000; Alavi et al, 2010; Braescu and George, 2008). When the metal powder particle is 
heated beyond its vaporization point, the recoil force occurs. This force can even cause the splash of tiny liquid 
droplets from the interface (Semak and Matsunawa, 2013). Depending on the scale or material properties, the 
surface tension force, Marangoni effect, and the recoil force could play as the dominated roles when the multiphase 
CFD modeling is used. These terms can also be regarded as momentum source terms as functions of volume fraction, 
temperature, and material properties.  
The goal of this study is to develop a reliable computational tool to investigate the rapid melting and 
solidification process under the volume-of-fluid (VOF) method, which can account for the multiphase interaction 
forces and interface tracking within a large temperature variation range. Accordingly, further parametric 
investigation and optimal design can be carried out numerically. 
2. Governing equations 
The current numerical model considers the continuity, momentum and energy equations. Besides, a volume 
fraction transport equation is used to trace the interface. The equations are shown as follows. 
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Where u, ρ, P, μ, and g are mixture velocity vector, mixture density, pressure, mixture viscosity, and gravity 
acceleration. Fsurface acts as the source term in the momentum equation, presenting the surface tension effect. It is a 
basically function of volume fraction (Brackbill, 1992). The Marangoni and recoil force are not taken into account 
in our current model.  
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Slaser is the laser source term in energy equation, which controls the laser heating directly onto the interface: 
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Where αabsorb, Plaser , r0 , vlaser and xi are absorptive, laser power, effective radius, scanning velocity, and the initial 
position of laser beam. The laser strength is distributed as Gaussian function with respect to space and time, which is 
also illustrated in Fig. 1(a) and (b) separately. From Figure 1, the 3D single tray laser beam can be approximated as 
a 2D Gaussian laser distribution in x-y plane, which moves into the paper (z-direction) such that its maximum 
strength also varies based on the timewise Gaussian function. This approximation ends up with the laser source term 
as shown in Eq. (4) with the delta function δ. Its purpose is to mark the location of the powder particle surface in the 
flow field (Olsson and Kreiss, 2005). In Fig. 1(a), three powder particles are placed above the base with equal 
spacing as 32 μm. The diameter of the middle one (30 μm) is somehow larger than that of the other two (26 μm). 
Besides, the latent heat between solid and liquid phase of the metal powder particle, Lm, is embedded into the 
specific heat Cp(T) as effective specific heat ܥ௣തതതሺܶሻ: 
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Where Ts and Tl are representing the solidus and liquidus temperature (Attar, 2011). Please see Table 1 for the 
detail of the temperature dependent flow properties and related laser settings. 
Furthermore, a volume fraction transport equation in Eq. (6) is used to present the distribution of metal and gas 
phase within the computational domain: 
( ) 0
t
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All the material properties are mixed based on the weighting from each phase. When α =1, it corresponds to the 
metal phase, and while α =0 indicates the pure gas phase. As for the boundary conditions shown in Fig. 2, the 
symmetric condition is applied onto the middle powder particle, and while other sides utilize wall or pressure outlet 
with the specific temperature.  
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(b) 
 
  
Fig. 1. This schematic shows (a) the relative position of the laser beam and powder particle and 
(b) Gaussian distribution in space and time (Lin, 2015). 
Fig. 2. Initial and Boundary conditions. 
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Table 1. Thermal property of Ti64 and laser parameters (Mills, 2002). 
Nomenclature Symbol Value 
Melting temperature (K) Tl 1923 
Solidus temperature (K) Ts 1877 
Density of metal phase (kg m-3) ρm 3920 - 0.68 ( T – 1923 K ), 1923 K < T ʀ 3533 K 
4420 - 0.154 ( T - 298 K ) , 300 K < T ʀ 1923 K 
Density of gas phase (kg m-3) ρv 1.225 
Thermal conductivity of metal phase (W m-1 K-1) km 1.2595 + 0.0157 T  , T ʀ1268 K 
3.5127 + 0.0127 T  , 1268 K < T ʀ 1923 K 
-12.752 + 0.024 T   , 1923 K < T 
Thermal conductivity of gas phase (W m-1 K-1) kv 0.017 
Specific heat of metal phase (J kg-1 K-1) Cp,m 483.04 + 0.215 T  , T ʀ1268 K 
412.7 + 0.1801 T  , 1268 K < T ʀ1923 K 
Specific heat of gas phase (J kg-1 K-1) Cp,v 520.64 
Latent heat of melting (J kg-1) Lm  
Dynamic viscosity of metal phase (kg m-1 s-1) μm 100 (300 K)     , 100 (1878 K) 
0.0022 (1897 K)  , 0.0022 (10000 K) 
Dynamic viscosity of gas phase (kg m-1 s-1) μv 0.0005 
Surrounding temperature (K) T∞ 300 
Absorb coefficient of laser αabsorb 0.3 
Thermal convection coefficient of metal interface (W m-2 K-1) h 100 
Thermal convection coefficient of wall boundary (W m-2 K-1) hwall 10 
Laser power (W) Plaser 175 
Laser velocity (m s-1) vlaser 1.25 
Laser beam radius (m) r0 3.5x10-5 
Boltzmann’s constant σrad 5.67x10-8 
Black body radiation εrad 1 
Surface tension  σmg 0       , T ʀ1923 K 
1.45  , T  > 1923 K 
3. Results and discussion 
The Laser power and speed are assigned as 175W and 1250 mm/sec in the current simulation. After the 
temperature distribution is acquired by our model, the mass fraction of the metal solid and liquid phase can be 
computed based on the lever rule. In Fig. 3, the red color corresponds to the pure solid phase, and the blue one 
represents the liquid phase. Due to the spatial Gaussian distribution of laser, the melting starts around the surface of 
the middle powder particle as shown in Fig. 3(a). From Fig. 3(b) to (c), the gravity and fluidity after melting cause 
the movement of melting metal, and hence the heat transfer is ensuing. Once the conduction heat transfer is 
sufficient, the melting process also occurs for the other two powder particles. In other words, instead of direct heating 
from laser, the left and right powder particles experience melting due to the heat transfer from the melting phase of 
the middle powder particle. From Fig. 3(c) to (d), the laser becomes weaker such that the temperature starts to 
decline. The surface tension between the melting pool and the surrounding air results in a circular interface shown in 
Fig. 3(d). Finally, the melting pool shrinks and converts back into the solid metal phase as shown in Fig. 2(e). The 
height and width of the final product is 35.5 and 91μm respectively. Those values are 35 and 113μm from 
experiments by Industrial Technology Research Institute (ITRI). Our model obtains consistent height with the 
experiment, but the width is underestimated. After all, the real geometry of the powder particle is spherical, which is 
simplified into symmetric 2D computation in current framework. Besides, the Marangoni and recoil force are not 
taken into account yet, and the diameters of all the powder particles during packing are not really even in the 
experiments. These effects could lead to deficiency between the numerical and experimental results. 
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Furthermore, the gas around the corner of the left and right side powder particle could be trapped in the melting 
pool as shown in Fig. 3(b). Due to the fluidity of the melting pool and the buoyancy force of this tiny bubble, it also 
moves inside the melting pool. The bubble finally leaves the melting pool as shown by the arrows in Fig. 3(d). If the 
solidification process is faster, it is highly possible that the bubble remains inside the product, which can bring 
cracks and affect the strength of the product. 
 
(a) 40μs  (b) 50μs  (c) 60μs  
(d) 80μs  (e) 330μs 
Fig. 3. This schematic shows the distribution of melting pool as laser power and velocity are assigned as 175W and 1.25 m/sec. The blue color 
indicates temperature higher than the melting point (melting pool or liquid). The surrounding gas phase is filtered out in this figure. 
4. Conclusion 
The numerical model is set up in this study. In current computation, the Marangoni and recoil force are not 
taken, and the real geometry of the powder particle is simplified into symmetric 2D. Even all of these reasons lead to 
deficiency between the numerical and experimental results, this model still obtains consistent height with the 
experiment. The model can predict the cross-section shape of metal and understand the detail solidification process. 
It is highly possible that the bubble remains inside the product because of velocity increase, so the value of velocity 
is called off-design parameters. It could lead to the porosity, balling effect, and the residual stress, which affects the 
strength and performance of the product. Accordingly, the goal of this study is to develop a reliable computational 
tool to investigate the rapid melting and solidification process. With establishing the parameter matrix from speed 
and power, further parametric investigation and optimal design can be carried out numerically. 
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